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Abstract
The study aims at a clarification of the oxidative damage of creatine kinase isoenzymes by X-ray-induced water radiolysis.
The radical species generated by this method (under appropriate conditions) are similar to those discussed in the context of
mitochondrial energy metabolism. The decay of the enzyme activity is accompanied by a strong decrease of the number of
accessible SH groups and by a reduction of the endogenous tryptophan fluorescence. Free radical effects are diminished if
irradiation is carried out in the presence of 2-mercaptoethanol. Partial recovery of the activity (repair) is observed if
2-mercaptoethanol is added after irradiation. The experiments suggest a twofold importance of thiol reagents (RSH): to
reduce the concentration of free radicals by scavenger reactions and to modify the inactivation mechanism in such a way that
efficient repair of enzyme damage may be achieved. Cysteine 282 of MM-CK (Cys-278 in the case of Mi-CK) seems to play a
crucial role in this respect. Blockage of the SH group of cysteine 282 by oxidized glutathione effectively protects the enzyme
against inactivation by NOc2 radicals. In the absence of nitrogen dioxide and of thiol reagents, however, inactivation seems to
proceed via a less specific mechanism involving additional targets of the enzyme. ß 2000 Elsevier Science B.V. All rights
reserved.
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1. Introduction
Mitochondrial energy metabolism represents a ma-
jor source of intracellular reactive oxygen species
(ROS), such as the superoxide anion (Oc32 ), the hy-
droxyl radical (OHc), or hydrogen peroxide (H2O2).
The list of species might also include highly reactive
peroxynitrite, formed by reaction of NOc with Oc32 ,
since nitric oxide synthase has been discovered in
mitochondria [1]. There is increasing evidence that
defects in mitochondrial energy production may
lead to an increased level of ROS and may be in-
volved in various neurodegenerative disorders, such
as Alzheimer’s disease, Parkinson’s disease, or amyo-
trophic lateral sclerosis [2]. In addition, ROS are
made responsible for cellular damage after reperfu-
sion of ischemic heart or brain tissue or at chronic
heart failure [3^6]. Under normal physiological con-
ditions, oxidative stress resulting from mitochondrial
respiration has been suggested as an important deter-
minant of the life span of biological organisms [7^9].
The present communication deals with oxidative
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modi¢cations and the functional loss of an enzyme
important for cellular energy metabolism and ATP
homeostasis [10]. Creatine kinase isoenzymes have
been repeatedly considered sensitive targets of reac-
tive species such as H2O2, and peroxynitrite [11^14].
Here, oxidative damage is induced by water radioly-
sis. The radical species generated by this method are
similar to those discussed in the context of mitochon-
drial energy metabolism. The primary radicals OHc,
Hc, and ec3aq resulting from X-ray absorption in water
are converted into various secondary radical species
of di¡erent reactivity. Their kind depends on the
composition of the aqueous medium. The main rad-
ical species in air-saturated water are OHc and Oc32 /
HOc2 [15,16].
The results of our study are presented in two parts.
In a previous communication, the dimeric (cytosolic)
muscle-type creatine kinase (MM-CK) and the octa-
meric mitochondrial creatine kinase (Mi-CK) were
compared with respect to their inactivation behavior
[17]. In addition, the e¡ect of X-ray induced free
radicals on the octamer-dimer equilibrium of Mi-
CK and the special role of tryptophan residues
were studied. The present paper is intended to ana-
lyze the e¡ect of di¡erent radical species on the en-
zyme activity, to clarify their most important sites of
interaction and to investigate possibilities of protec-
tion and repair.
2. Materials and methods
Details of the experimental procedures including
the materials applied have been described elsewhere
[17,18]. In brief: chicken sarcomeric mitochondrial
creatine kinase (Mib-CK) was kindly supplied by
the group of T. Wallimann (ETH-Zu«rich). MM-CK
(rabbit muscle), nucleotides and pyruvate kinase/lac-
tate dehydrogenase were obtained from Boehringer
Mannheim. The standard irradiation medium (phos-
phate bu¡ered saline, PBS) was 150 mM NaCl and
25 mM Na-phosphate bu¡er, pH 7.0. The activity of
creatine kinase was measured via the pyruvate ki-
nase/lactate dehydrogenase assay.
Free radicals of water radiolysis were generated by
placing polycarbonate vessels (containing solution
volumes of 100 Wl) below an X-ray tube (Philips-
Mu«ller RT 100, Philips, Hamburg, Germany). Di¡er-
ent kinds of reactive species were generated by vary-
ing the salt composition of the aqueous solution.
Irradiation of oxygen containing aqueous solutions
primarily generates the radical species OHc and Oc32 /
HOc2 [15,16]. The latter form a conjugated acid-base
pair and originate from reactions of the primary rad-
icals Hc and ec3aq with molecular oxygen. In the pres-
ence of Cl3 in water, OHc radicals are transformed
into Clc32 . The latter radical species is of lower chem-
ical reactivity and shows an increased selectivity of
reactions compared with the rather non-selective
OHc radical. The same is true for the nitrogen diox-
ide radical NOc2, which is formed by reaction of e
c3
aq
with NO33 (at the expense of the formation of O
c3
2 )
[19].
Fluorescence spectra were recorded between 310
nm and 370 nm using the spectrophotometer Per-
kin-Elmer LS 50B. Tryptophan £uorescence was ex-
cited at a wavelength of 295 nm. Determination of
available protein sulfhydryl (i.e. in the absence of
denaturing agents) was done according to Riordan
and Vallee [20] at a protein concentration of 1 mg/ml
in standard irradiation medium.
3. Results
Irradiation of dilute aqueous solutions of either
MM-CK or Mib-CK (data not shown) by 80 kV
X-rays has a profound in£uence on the creatine turn-
over catalyzed by the enzymes (Fig. 1A). The decay
of substrate turnover is largely due to an exponential
decrease of the maximum reaction velocity, Vmax,
whereas the Michaelis constant, Km, is hardly af-
fected (Fig. 1B). This is consistent with an all or
none process, i.e. the decrease of the turnover seems
to be due to a complete loss of active enzyme mole-
cules rather than due to a continuous reduction of
their turnover number with increasing dose. In the
following, the radiation-induced decay of the enzyme
activity, A, is described under di¡erent experimental
conditions. In all cases, the inactivation curves were
found to be in fair agreement with Eq. 1, i.e.
A=A0  exp3D=D37 1
with D = dose, and D37 = characteristic dose neces-
sary to reduce the initial activity, A0, to 37%. The
D37 dose was found to depend strongly on the com-
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position of the aqueous medium and on the enzyme
concentration. Both ¢ndings represent a clear indica-
tion for an indirect radiation e¡ect, i.e. for free rad-
ical induced enzyme inactivation (see Section 4).
Table 1 shows comparatively high sensitivity of the
enzyme in the presence of Cl3 and NO33 . The lowest
D37 dose was found in the presence of nitrate. This is
believed to re£ect a speci¢c reaction of NOc2 radicals
with the active-site cysteine 282 of MM-CK (see Sec-
tion 4). The compounds 2-mercaptoethanol and for-
mate represent radical scavengers, which lower the
concentration of the reacting radical species. As a
consequence, the D37 dose is enhanced in both cases.
The D37 dose also depends linearly on the creatine
kinase concentration, as was shown by additional
experiments not presented in detail.
The presence of the radical scavenger 2-ME during
irradiation not only increases the D37 dose but gives
rise to a modi¢cation of the inactivation mechanism.
This may be concluded from the di¡erent reactiva-
tion behavior of the enzyme obtained in the absence
or presence of 2-ME (Fig. 2). Reactivation was in-
duced by incubation with 2-ME after irradiation.
The amplitude of reactivation is comparatively small
if irradiation is performed in PBS. It is, however,
substantially increased if 2-ME is already present
during irradiation with 80 kV X-rays. An increased
repair is also found if irradiation is carried out in the
presence of KNO3 instead of 2-ME. This indicates
that free radical induced enzyme damage is less se-
vere (i.e. can be repaired) in the presence of either
2-ME or KNO3 (see Section 4). The time dependence
of reactivation is illustrated in Fig. 3. Following in-
activation of the enzyme (in the presence of 2-ME) to
less than 10%, the activity could be restored to about
50% of the original value within 14 min after addi-
tion of 2-ME.
In order to analyze the amino acid side chains
responsible for inactivation of CK, SH groups acces-
sible by DTNB as well as endogenous tryptophan
£uorescence were followed as a function of radiation
dose. These two types of amino acids are usually
considered sensitive targets towards the attack of
free radicals. Trp-223 and Cys-278 are known to
play an important role in the active center of Mib-
Fig. 1. Characteristics of creatine turnover catalyzed by MM-
CK as a function of radiation dose. (A) Substrate turnover as a
function of creatine concentration and radiation dose. The solid
lines represent ¢ts to the Michaelis-Menten equation. (B) Rela-
tive maximum reaction velocity, Vmax/V0max (circles), and Mi-
chaelis constant, Km (squares), for creatine as a function of
dose (V0max = maximum reaction velocity at zero dose). The de-
cay of Vmax/V0max was ¢tted by a single exponential function
(Eq. 1). The data were obtained at a protein concentration of
50 Wg/ml under standard conditions (see Section 2) and repre-
sent mean values ( þ S.D.) of three independent experiments. Table 1
E¡ects of the composition of the aqueous solution on the sensi-
tivity of inactivation of cytosolic creatine kinase (MM-CK), as
expressed via the corresponding D37 doses
Additive D37/Gy
No 115 þ 2.5
150 mM NaCl 79.5 þ 2.9
500 mM NaCl 53.6 þ 0.2
150 mM NaCl, 50 mM KNO3 14.7 þ 0.6
150 mM NaCl, 1 mM 2-ME 391 þ 12
150 mM NaCl, 50 mM formate 761 þ 7.5
The experiments were performed using a solution of 250 Wg/ml
CK in 25 mM Na-phosphate bu¡er (pH 7) plus the additives
indicated in the table. The data represent mean values ( þ S.D.)
of at least three di¡erent experiments.
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CK [21^23]. The same is true for homologous Trp-
227 and Cys-282 in the case of MM-CK.
Upon irradiation, SH groups accessible for the re-
agent DTNB show roughly the same dose-dependent
decay as the activity of the enzyme (Fig. 4). Only one
of the four cysteines per monomer subunit of dimeric
MM-CK has been found to react with di¡erent thiol
reagents in the absence of denaturing agents, namely
Cys-282 near the active center of each monomer [24^
26]. Therefore, the close correspondence between the
residual activity of the enzyme and the number of
intact SH groups accessible by DTNB is indicative
of an important role of cysteine 282 for enzyme in-
activation. This is valid at least under the condition
of formation of NOc2 radicals.
Tryptophan £uorescence was found to decrease to
about 60% of its initial value in the absence and to
about 80% in the presence of 2-ME within a range of
dose values leading to virtually complete inactivation
of the enzyme activity (Fig. 2). There is a further
di¡erence between tryptophan £uorescence and the
SH groups accessible for DTNB. Reactivation of
the enzyme by 2-ME is accompanied by a strong
increase of titratable SH groups, while the trypto-
phan £uorescence is not a¡ected (data not shown).
This indicates that cysteine 282 is a prime target for
the inactivation of CK by free radicals.
The conclusion is further substantiated by the ¢nd-
ing of an increase of the D37 dose by one order of
magnitude if the corresponding SH group is blocked
by oxidized glutathione during irradiation (Table 2).
Enzyme activity is reduced to 2% in the blocked
state. 90% reactivation is found after subsequent ad-
Fig. 2. Activity of MM-CK (before and after reactivation by
2-ME) and tryptophan £uorescence as a function of the relative
radiation dose, r, under di¡erent conditions. r is de¢ned as the
ratio of the dose D and the characteristic D37 dose (Eq. 1). The
values of the latter refer to the activity immediately after irradi-
ation (squares). Irradiation was either performed in PBS or in
PBS containing additionally 1 mM 2-ME or 50 mM KNO3 at
a protein concentration of 250 Wg/ml. The characteristic dose
values obtained are D37(PBS) = 83.7 Gy, D37(PBS with 2-ME)
= 395 Gy, and D37(PBS with KNO3) = 14.1 Gy. Reactivation
(indicated by arrows) of the enzyme activity was induced by in-
cubation after irradiation for at least 1 h with 10 mM 2-ME
(circles). Fluorescence measurements (at an emission wavelength
of 330 nm) were performed after irradiation (triangles) and
were found to be una¡ected by the subsequent addition of
2-ME (data not shown).
Fig. 3. Time dependence of the reactivation of the MM-CK. A
solution of 250 Wg/ml of the enzyme in standard medium con-
taining 1 mM 2-ME was exposed to 908 Gy. Subsequently, re-
activation was initiated by addition of 1 mM 2-ME at time
t = 0. The activity of the native enzyme was found to remain
unchanged if 2-ME was added (data not shown).
Table 2
Protection of MM-CK by blockage of the active site associated
cysteine
Concentration of
KNO3
D37/Gy blocked
enzyme
D37/Gy control
^ 84.4 þ 13 86.5 þ 14.2
50 mM 102.4 þ 15.4 11.0 þ 1.9
Blockage was performed by addition of 10 mM oxidized gluta-
thione to a solution of 250 Wg/ml MM-CK in standard irradia-
tion medium in the absence or presence of 50 mM KNO3.
After 4 h, the solution was dialyzed at 4‡C for 4 days (with
fourfold exchange of the medium) against a glutathione-free so-
lution. After irradiation of the blocked enzyme, the reversible
blockage was removed by addition of 10 mM 2-ME. As a con-
trol, a 1:1 mixture of blocked and unblocked enzyme was irra-
diated and the resulting activity (without reactivation) was
studied as a function of dose. The data represent mean values
( þ S.D.) of three di¡erent experiments.
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dition of 2-ME in the absence of irradiation. If the
enzyme is irradiated in the blocked state, a reduced
percentage of reactivation by 2-ME is observed. This
is equivalent to an inactivation, which may be ex-
pressed by the D37 values of column 2. The control
values shown in column 3 of Table 2 were obtained
from a 1:1 mixture of blocked and unblocked en-
zyme. The data agree with those shown in Table 1
for the unblocked enzyme under otherwise identical
conditions. This excludes a potential in£uence of re-
sidual glutathione (not eliminated by dialysis) on the
D37 values of the blocked enzyme.
The blocking e¡ect of oxidized glutathione is only
visible in the presence of KNO3 (i.e. in the presence
of NOc2 radicals). No e¡ect of blockage is observed if
irradiation is carried out in standard irradiation me-
dium (see Table 2). Clc32 radicals are believed to be
mainly responsible for enzyme inactivation under
these conditions. These results indicate that the
mechanism of CK enzyme inactivation (including
the sites of interaction of the enzyme) depends on
the type of radicals present in water.
4. Discussion
The data summarized in Table 1 represent a strong
indication for free radical induced enzyme inactiva-
tion. A contribution of the direct radiation e¡ect (i.e.
ionization events at the protein molecules by direct
absorption of radiation) can be largely excluded,
since identical values of the D37 dose would be ex-
pected in this case. The same holds for the D37 values
at di¡erent protein concentrations, cP. The linear de-
pendence between D37 and cP observed experimen-
tally is a further clear indication for an indirect radi-
ation e¡ect induced by free radicals of water
radiolysis (see [27] for a justi¢cation of this well-
known criterion). The D37 values shown in Table 1
are thought to mirror the reactivity of di¡erent rad-
icals in the aqueous solution. The active-site Cys-282
determines the sensitivity of the enzyme activity of
cytosolic creatine kinase towards damage produced
by free radicals. This is true in the presence of either
NOc2 radicals or (in the absence of NO
c
2), if irradia-
tion is carried out in the presence of thiol reagents.
In the case of NOc2, the conclusion is based on three
di¡erent kinds of arguments:
1. NOc2 is known to react speci¢cally with negatively
charged cysteine, CysS3, with a rate constant
ks 5U108 l/mol s [28]. The corresponding rate
constant with tryptophan, another important res-
idue of the active center of CK, is several orders
of magnitude lower [19,29].
2. The SH group of Cys-282 ^ the only cysteine res-
idue of MM-CK accessible for DTNB in the ab-
sence of denaturing agents [24^26,30] ^ shows
roughly the same dose-dependent decay as the ac-
tivity of the enzyme (Fig. 4).
3. The D37 dose is increased by one order of magni-
tude if Cys-282 is blocked by oxidized glutathione
during irradiation (Table 2).
Our interpretation is supported by the well-known
high sensitivity of Cys-282 to all kinds of SH re-
agents [24^26,31,32] and by the recent ¢nding of per-
oxynitrite induced CK inactivation by modi¢cation
of the active-site thiol [14].
Though there is less direct evidence, protection
and repair observed in the presence of 2-ME are
also thought to be closely connected with cysteine
282. Protection of enzymes by thiols is a well-known
phenomenon which has been observed in many cases
[15]. This is due to the ability of thiols RSH to react
Fig. 4. Residual activity (squares) and residual SH groups
(circles) of MM-CK as a function of radiation dose. Fast react-
ing SH groups accessible by Ellman’s reagent were determined
under non-denaturing conditions [20]. The experiment was per-
formed at a MM-CK concentration of 1 mg/ml in standard ir-
radiation medium containing additionally 50 mM KNO3. The
data represent mean values ( þ S.D.) of three independent ex-
periments. A D37 dose of 43.3 Gy was found for the decay of
enzyme activity.
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with most of the radicals discussed. The correspond-
ing rate constants are close to the di¡usion con-
trolled limit [33]. Therefore, 2-ME will act as a rad-
ical scavenger, which e¡ectively lowers the
concentration of the reacting species. As a result of
these reactions, oxidized RSSR is formed, which ^ by
the exchange reaction CK-SH+RSSRCCKSSR+
RSH ^ is supposed to inactivate the enzyme (via
amino acid residue Cys-282) in a similar way as is
shown for oxidized glutathione (see Section 3). Re-
activation (repair) of the enzyme is achieved by ad-
dition of RSH, which by way of the back reaction
CKSSR+RSHCCKSH+RSSR will reestablish ac-
tive CK-SH molecules.
In the absence of NOc2 radicals and of 2-ME, in-
activation of creatine kinase proceeds by a mecha-
nism which (apart from Cys-282) seems to involve
additional targets. This follows from the consider-
ably smaller extent of repair by 2-ME (cf. Fig. 2)
and from the absence of blockage e¡ects by oxidized
glutathione, if irradiation is carried out in standard
medium (Table 2). Thus the importance of the pres-
ence of thiols is twofold: to reduce the number of
reacting free radicals (i.e. to increase the character-
istic D37 dose) and to modify the inactivation mech-
anism in such a way that e⁄cient repair of enzyme
damage may be achieved.
Cys-282 of MM-CK represents a highly reactive
target for NOc2 radicals. This is shown by the follow-
ing simple estimate, which indicates that NOc2 radi-
cals react almost exclusively with this amino acid
residue. The concentration dcNO2/dD of NO
c
2 radicals
produced per unit dose of radiation, corresponds to
the concentration dce/dD of primary hydrated elec-
trons ec3aq generated [19]. The latter is determined by
its G value of 2.65 per 100 eV [15]. Using this value,
dcNO2 /dD = 0.27 WM/Gy is obtained. The number of
NOc2 radicals generated closely agrees with the
number of SH groups modi¢ed, which is estimated
by the decrease 3dcE/dD of the concentration, cE,
of active enzyme molecules, E, per unit dose. This
is valid at the initial part (DC0) of the exponential
inactivation at least. Application of Eq. 1 yields
3(dcE/dD)D0 = c0E/D37 = 0.39 WM/Gy (cf. Table 1).
Thus the formation rate of NO2 radicals is close
to the rate of disappearance of active enzyme mole-
cules. NOc2 radicals ^ formed via peroxidase-cata-
lyzed oxidation of NO32 ^ have been discussed in
relation with the cytotoxicity of nitric oxide, NOc
[34].
The results of the present study indicate that crea-
tine kinase ^ a key enzyme of cellular energetics ^
reacts very sensitively in the presence of various free
radicals. This is in line with investigations of other
authors using di¡erent reactive species. It has been
suggested that Mi-CK is a prime target for peroxy-
nitrite inactivation of mitochondrial proteins [13].
CK inactivation was observed before enzymes of oxi-
dative phosphorylation were a¡ected. A similar con-
clusion was derived for myo¢brillar MM-CK inacti-
vation by reactive oxygen species [12] and for
cytosolic muscle arginine kinase of Drosophila £ight
muscle, the pendant of CK in insects [35]. In all
cases, free radical induced inactivation of the en-
zymes considered may be expected to lead to a dete-
rioration of cellular energetics, eventually followed
by elimination of cells with a chronically lowered
energy status via apoptosis and/or necrosis [36,37].
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